Vertical profiles of particle backscattering coefficient at 355, 532 and 1064 nm measured by the lidar Raman system BASIL have been compared with simulated particle backscatter profiles obtained through a Mie scattering code based on the use of simultaneous and almost co-located profiles provided by an air-borne optical particle counter. . Measurements were carried out during dedicated flights of the French research aircraft ATR42 in the frame of the European Facility for Airborne Research (EUFAR) Project "WaLiTemp", as part of the Hydrological Cycle in the Mediterranean 15 Experiment -Special Observation Period 1 (HyMeX-SOP1). Results from two selected case studies are reported and discussed in the paper and two slightly different analysis approaches are illustrated and applied to the dataset. Results reveal a good agreement between measured and simulated multi-wavelength particle backscattering profiles. Specifically, simulated and measured particle backscattering profiles at 355 and 532 nm are found to deviate less than 15 % (mean value=7 %) and 50 % (mean value=30%), respectively, when considering the presence of a Continental/Urban aerosol component. The 20
Introduction
Aerosols are a key atmospheric component, playing a major role in meteo-climatic processes. Aerosols influence precipitation processes and the water cycles primary through two effects: the direct effect, as a result of the 25 scattering/absorption of solar radiation (among others, Haywood and Boucher, 2000; Takemura et al., 2005) , and the indirect effect, as a result of the interaction with clouds (among others, Sekiguchi et al., 2003; Yang et al., 2011) . A semi-direct effect can also arise in the presence of high aerosol loading, determining scattering and absorption enhancement, ultimately leading to an alteration of atmospheric stability (e.g. Mitchell, 1971) . Despite the well-recognized aerosol importance in Instrumentés pour la Recherche en Environnement (SAFIRE), as part of an ensemble of in-situ sensors for the characterization of aerosol and cloud size and microphysical properties. Dedicated flights by the ATR42 were performed during HyMeX-SOP 1 in the frame of the Wa-Li-Temp EUFAR project, with the aircraft looping up and down in the proximity of the Raman lidar system.
HyMeX and the Special Observation Period 1 100
The Hydrological cycle in Mediterranean Experiment was conceived with the overarching goal of collecting a large set of atmospheric and oceanic data to be used to get a better understanding of the hydrological cycle in the Mediterranean area.
Within this experiment a major field campaign, the Special Observation Period 1 (SOP1), took place over the northwestern Mediterranean area in the period September-November 2012. During HyMeX-SOP1 the Raman lidar system BASIL was deployed in the Cévennes-Vivarais atmospheric 'supersite', located in Candillargues (43 0 37' N, 4 0 04' E, elevation: 1m). 105 BASIL was operated from 5 September to 5 November 2012, collecting more than 600 h of measurements, distributed over 51 measurement days and 19 Intensive Observation Periods (IOPs).
The French research aircraft ATR42, hosting the OPC, was stationed at Montpellier airport. Its main payload consisted of the airborne DIAL LEANDRE 2, profiling water vapour mixing ratio beneath the aircraft. The ATR42 payload also included insitu sensors for turbulence measurements, as well as aerosol/cloud microphysics probes. Among these, the OPC. During 110
HyMeX-SOP1, the ATR42 performed more than 60 flight hours: 8 were supported by the EUFAR project "WaLiTemp" and the remaining were supported by the "Mediterranean Integrated STudies at Regional and Local Scales" (MISTRALS) Program. A specific flight pattern was defined for the purposes of the "WaLiTemp" project (figure 1), with the aircraft making spirals (hippodromes) up and down around a central location, originally aimed to be the atmospheric supersite in Candillargues. Unfortunately, because of air-traffic restrictions, aircraft sensors' operation was typically started 20 km 115 eastward of the supersite. Flights hours in the frame of the "WALiTemp" project were carried out on 13 September, 02 and 29 October and 05 November 2012. Spiral ascents and descents were carried out with a vertical speed of 150 m/min. During each flight, except in presence of specific logistic issues, a minimum of two ascent-descent spirals were carried out. For the purposes of the present comparisons, in order to minimize effect associated with the sounding of different air masses, we selected days characterized 120 by horizontally homogeneous atmospheric conditions.
Methodology
The particle volume backscattering coefficient can be expressed as:
(1) with Q back (r) being the particle backscattering efficiency and n'(r)=dN/dr being the particle size distribution. Q back (r) can be 125 expressed as (Grainger et al., 2004) :
where the terms a n and b n represent the Mie scattering amplitudes of nth magnetic partial wave (n being the function order). a n and b n are obtained through the expressions:
where m is the complex refractive index; x=2 π r/ λ is the particle size parameter, with λ being the laser wavelength and r being the particle radius, assumed to be a sphere.
 
x n  and   1 n  are Riccati-Bessel functions defined in terms of the spherical Bessel function of the first kind (Temme, 1996) . A log-normal size distribution is considered in this study, with an analytical expression for each mode of the form (Grainger et al., 2004) : 135
where n'(r)=dN/dr is the number of particles within the size interval dr, with N(r) representing the cumulative particle numberdistribution for particles larger than R, r m is the median radius of the distribution, S is the standard deviation of the distribution and N 0 is the particle integral concentration for the considered mode. S is a measure of the particle polydispersity, with lnS being equal to 1 for monodisperse particles The log-normal distribution is completely described by 140 N 0 , r m and S. Three modes are typically considered to describe the different aerosol components (d' Almeida et al., 1991) : a fine or nucleation particles mode, a large or accumulation particles mode and a giant or coarse particles mode.
For the purposes of this research effort, particle concentration N 0 is obtained by minimizing differences between the size distribution measured by the OPC and the simulated distribution, while the values of r m and S are those identified in the following section based on literature results. Simulated backscatter profiles   z par 0   are the obtained through the application 145 expression (1) for all altitudes covered by the OPC, considering different refractive index and size parameters' values for the three distribution modes, in dependence of the aerosol type, and integrating the expression over the three distribution modes.
To perform these computations a specific Mie scattering code was developed by the authors in IDL environment. The possibility to retrieve the particle size and microphysical properties from multi-wavelength measurements of the particle backscattering and extinction coefficient has been demonstrated by several authors (among others, Müller et al., 2001, and 150 which apply Mie scattering theory to ensemble of particles with spherical shape. However, an appropriate and effective application of this approach imposes the use of particle backscatter and extinction profiles with a statistical uncertainty not exceeding 5-10 %. Multi-wavelength Raman lidar measurements of the particle backscattering and extinction coefficient for the considered case studies were not characterized by such low level of uncertainty, this being especially true for the particle 155 backscatter measurements at 1064 nm.
In order to determine aerosol typology, deviations between measured and simulated particle backscattering profiles at 355 nm and 532 nm were minimized. Initial values in terms of modal radius, ¯, standard deviation, σ, and refractive index for the different aerosol components were taken from d' Almeida et al. (1991) . At each altitude, the particle size distribution measured by the optical particle counter is compared with the five aerosol typologies listed in d' Almeida et al. (1991) , which 160 for the sake of clarity are reproduced below:
• Average continental (continental environment influenced by anthropic pollution),
• Urban (continental environment heavy influenced by anthropic pollution), d 'Almeida et al. (1991) , Junge and Jaenicke (1971) and Junge (1972) suggested the use of a tri-modal log-normal size distribution (see expression 5), indicating specific values for the two primary size distribution parameters, i.e. the modal radius, r, and standard deviation, σ . Values of the modal radius, the standard deviation and the real, n r , and imaginary part, 175 n i , of refractive index at the three lidar wavelengths (355, 532 and 1064 nm) for the three different aerosol components considered in the present computations are inferred from different literature papers (d'Almeida et al., 1991; Shettle and Fenn, 1976; Shettle and Fenn, 1979; WCP-112, 1986) and are listed in Table 1 .
The log-normal size distribution has been computed considering the OPC data in the dimensional range 0.25 -2.5 μm, with a 300 m vertical integration window. Results are illustrated in figure 2 (bold black line). In this same figure the size 180 distribution computed from the OPC data is compared with the theoretical distributions for the three different modes (fine mode -red line, accumulation mode -violet line, coarse mode -light blue line).
For each of the three modes, the number of particles has been varied in order to have the total theoretical distribution (thin black line) matching the experimental distribution computed with the OPC data. The matching between the experimental and theoretical distributions has been optimized based on the application of a best fit procedure. This approach was applied to 185 each altitude level. In figure 2, we are considering experimental and theoretical distributions at an altitude of 1529 m, this being the lowest altitude where aerosols larger than 0.7 -0.8 μm were measured by the OPC.
The vertical profiles of the particle backscattering coefficient at 355, 532 and 1064 nm have been simulated through the above mentioned Mie scattering code from the OPC data, considering values of ¯ and σ for the different aerosol components. Measured profiles of the particle backscattering coefficient profiles at 355 and 532 nm are obtained from the 190 Raman lidar signals through the application of the Raman techniques, which relies on the ratio between the 355/532 nm elastic signal and the simultaneous molecular nitrogen roto-vibrational Raman signal. The two signals are characterized by an almost identical overlap function, and therefore the overlap effect cancel out when ratioing the signals. Conversely, particle backscattering coefficient profiles at 1064 nm are obtained through the application of a Klett-modified inversion approach (Di Girolamo et al., 1995 Girolamo et al., , 1999 . The specific approach used in the present analysis considers a height-dependent 195 lidar ratio profile and iterative procedure converging to a final particle backscattering profile Di Girolamo et al. (1995 Girolamo et al. ( , 1995 . It is to be specified that potential effects on our measurements associated with the incomplete overlap of the laser beam and field of view are negligible. In fact, the particle backscattering coefficient at both 355 and 532 nm are obtained through the Raman lidar technique, which considers the ratio of the elastic echoes over the corresponding N 2 Raman lidar echoes, with the overlap function for the elastic channel and the corresponding N 2 Raman channel being substantially 200 identical. Additionally, the elastic backscatter signal at 1064 nm and an additional elastic backscatter signal at 532 nm are collected with two small telescopes, developed around two 50 mm-diameter 200 mm-focal length lenses, with overlap regions not extending above 3-400 m.
A modified version of the approach defined by Di Iorio et al. (2003) was applied in order to determine the sounded aerosol typology. This approach is based on the minimization of the relative deviation between the measured and the simulated 205 particle backscattering coefficient, i.e.:
where z k is the altitude.
In the attempt to simultaneously minimize deviations between measured and simulated particle backscattering profiles at 355, 532 and 1064 nm, a total deviation can be computed as the root sum square of the single deviations at the two 210 wavelengths, which can be expressed as:
Case Study on 13 September 2012 215
During the first ascending spiral, in-situ sensors on board the ATR42 were operated in the altitude region from 650 m to 5700 m above sea level (hereafter in the paper all altitudes are intended above sea level), covering the 40 min-time interval between 19.55 and 20.35 UTC. BASIL was operated in the time interval 19.00-23.00 UTC. Figure 3 illustrates the temporal evolution of the particle backscattering coefficient at 532 nm over the time interval 19.30-21.30 UTC. The figure is illustrated as a succession of 5 min vertical profiles with a vertical resolution of 7,5 m. The figure reveals the presence of a 220 shallow nocturnal boundary layer, which is testified by the presence of an aerosol layer extending up to 500-600 m, and the presence of a residual layer extending up to 1500-2100 m.
Wind direction measurements performed by the on-board flight sensors reveal a primarily Northerly wind, with direction varying in the range ±30° depending on altitude. The NOAA HYSPLIT Lagrangian back-trajectory model (Draxler e Rolph, 1998; Rolph et al., 2017; Stein et al., 2015) has been used to determine the origin of the sounded air-masses. The HYSPLIT 225 model computes air parcel trajectories, but can also be used to simulate complex transport, dispersion, chemical transformation and deposition mechanisms. A common application of the HYSPLIT model is the back-and forwardtrajectory analysis, which is used to determine the origin or destination of the investigated air masses and establish sourcereceptor relationships.
In the present effort the HYSPLIT model is used to determine air masses trajectories at specific altitude levels in the days 230 This same analysis approach was also applied to the data at 532 nm. Figure 6 compares the vertical profiles of the measured (black line) and simulated (red line) particle backscattering coefficient at 532 nm over the same 40 min time interval on 13 September 2012, again with a vertical resolution of 300 m. Simulated particle backscatter profiles include the five above specified aerosol components. Lidar data at 532 nm are affected by a larger statistical uncertainty than those at 355 nm. Also 250 in this case, the agreement between measured and simulated profiles appears quite good up to 3500-4000 m. The overall deviation was calculated for the five distinct aerosol components. Figure 11 illustrates the overall deviations between the measured and the simulated particle backscattering coefficient profiles at 355, 532 nm and 1064 nm for the 290 different aerosol components. In order to facilitate the interpretation of results, the overall deviation between measured and simulated particle backscattering coefficient profile, for the different aerosol components, has been plotted together with the Belgium, England.
Case Study on 02 October 2012
A second flight took place on 2 October 2012. During the ascending path, in-situ sensors on board the ATR42 were operated in the altitude region from 680 m to 5700 m, covering the 44 min time interval between 19.43 and 20.27 UTC. BASIL was operated over the time interval time interval 16.00-24.00 UTC. 305
Wind direction measurements performed by the on-board flight sensors reveal a North-Westerly wind, with direction varying in the range 220-320° depending on altitude. Figure 13 shows the 5-days back-trajectories from the NOAA HYSPLIT model at 600 m, 4000 m and 6000 m (in red, blue and green, respectively), ending on the lidar site at 20.00 UTC on 2 October
2012.
Back-trajectory analysis results reveal that air masses reaching the measurement site at an altitude of 600 m were originated 310 in Northern Atlantic Ocean, South of Iceland, and have passed at low altitudes (500-600 m) over highly anthropized continental areas (Ireland, England and Northern France). A different path characterizes air masses at 4000 m. These were originated over the Northern Atlantic Sea, offshore the Canadian coast. and have overpassed an area North of Azores, the Northern coast of Spain before reaching the measurement site. Finally, air masses reaching the measurement site at 6000 m originated over the North Pacific Ocean, have overpassed Canada, the North Atlantic Ocean, the Northern coast of Spain and 315 have finally reached the measurement site.
In the analysis of this second case study, we applied the same methodology considered for the first case study. (1991) . As for the previous case study, given the microphysical parameters and aerosol typology for each of the three given modes, the number of particles has been varied in order to have the theoretical distribution matching the experimental distribution computed with the OPC data, with the matching between the experimental and theoretical distributions again obtained 320 through a best fit procedure. The modal radius, standard deviation and refractive index reported by d' Almeida et al. (1991) for the different considered aerosol components are listed in Table 1 . We applied this same analysis approach also to the data at 532 nm, with figure 15 illustrating the vertical profiles of the 330 measured and simulated particle backscattering coefficient at 532 nm over the same time interval considered in figure 14.
Again, simulated particle backscatter profiles include the five above specified aerosol components. Figure 15 reveals that the measured particle backscattering coefficient profile at 532 nm is well reproduced by the simulated profiles at this same wavelength, especially those obtained considering a Continental/Urban aerosol component and a Marine (polluted) aerosol component, with simulated profiles slightly underestimating the measured profile, but being within or slightly exceeding the 335 measurement error bar. Deviations between measured and simulated profiles are larger within the aerosol layers centred at 3000m and 4000 m. Due to the limited laser power at 1064 nm for this specific measurement session, measured profiles the particle backscattering coefficient at 1064 nm are characterized by high statistical noise, which prevents from considering the comparison between measured and simulated particle backscatter profiles at this wavelength to be sued in the presents analysis. 340 Figure 16 illustrates the deviations between the measured and the simulated particle backscattering coefficient profiles at 355 nm. The smallest deviations between the measured and the simulated particle backscattering coefficient profile over the In the attempt to simultaneously minimize deviations between measured and simulated particle backscattering profiles at 355 both 355 and 532 nm, following expression 7, a total deviation can be computed as the root sum square of the single deviations at the two wavelengths, which can be expressed as:
This quantity was calculated for the five distinct aerosol components. Figure 18 illustrates the total deviations between the measured and the simulated particle backscattering coefficient profiles at 355 and 532 nm for the different aerosol 360 components. In order to facilitate the interpretation of these results, the total deviation between measured and simulated particle backscattering coefficient profiles for the different aerosol components has been plotted together with the measured particle backscattering profiles at both 355 and 532 nm ( figure 19 ). Above the top of the boundary layer and up to 2700 m (altitude 2), particle backscatter decreases with altitude.. The typology analysis suggests Continental/Urban aerosols likely to be the predominant component, as in fact total deviation between the measured and the simulated particle backscattering coefficient profile for this aerosol component is far lower than for all other aerosol components. 375
In the altitude interval 2700-3600 m (altitudes 2-3, with max. at 3000 m) the measured particle backscatter profiles reveal the presence of a distinct aerosol layer. The typology analysis indicates both the Continental/Urban and the Marine polluted components to be possible. An additional distinct aerosol layer is found in the altitude interval 3600-4600 m (altitudes 3-4, with max. at 4000 m). Again, the typology analysis suggests the Continental/Urban component to be possible. Sounded aerosol particles at 3000 and 4000 m are compatible with continental polluted aerosols, this possibility being confirmed by 380 the back-trajectory analysis at 3000 and 4000 m.
A sensitivity study has been also carried out to assess the sensitivity of the results to changes of specific size and microphysical parameters' values. The sensitivity study reveals that the considered methodology for aerosol typing is successfully applicable in the altitude region up to 3900 m, as in fact above this altitude the statistical uncertainty affecting the lidar signals is high and this severely reduces the sensitively of the aerosol typing methodology. The sensitivity analysis 385 also reveals that in the lower levels, typically within the boundary layer where aerosol loading is larger, deviations between measured and simulated particle backscattering coefficient at the three wavelengths may vary by up to 20 % as a result of a ± 5 % variability of specific size and microphysical parameters (for example, the real part of the refractive index), which certainly reduces confidence in the aerosol type assessment, but is not compromising its outcome. Based on the results from this study we may conclude that the use of particle backscattering measurements at two wavelengths in combination with 390 OPC measurements allow to get a sufficiently reliable assessment of the aerosol types, which can be verified and refined based on the use of back-trajectory analyses.
Summary
During HyMeX-SOP1, the Raman lidar system BASIL was deployed in Candillargues (Southern France) and operated almost continuously over a two month period in the time frame October-November 2012. Dedicated flights of the French 395 research aircraft ATR42 were carried out in the frame of the EUFAR-WaLiTemp Project. The ATR42 payload included in situ sensors for turbulence measurements, as well as aerosol/cloud microphysics probes. Among these, an optical particle counter (GRIMM Aerosol Technik GmbH, model: Sky-OPC 1.129) capable of measuring particle number concentration in the size interval 0.25 -2.5 μm. A specific flight pattern was considered for the purpose of this study, with the aircraft making spirals up and down around a central location approximately 20 km eastward of the lidar site. Vertical profiles of the particle 400 backscattering coefficient at 355, 532 and 1064 nm have been simulated through the use of a Mie scattering code, using the data provided by the optical particle counter. The simulated particle backscatter profiles have been compared with the profiles measured by the lidar Raman system BASIL. Results from two selected case studies (on 13 September and on 02
October 2012) were reported and discussed. An analysis approach based on the application of a Mie scattering code is considered and applied. The approach ultimately allows inferring the sounded aerosol types. The added value of the reported 405 methodology is represented by the possibility to infer the presence of different aerosol types based on the use of multiwavelength Raman lidar measurement from a ground-based system in combination with an independent measurement of the particle concentration profile (in our case we are using the one coming from an optical particle counter mounted onboard an aircraft overpassing the lidar site). This methodology is applicable when sounded particles are spherical or almost spherical, which allows for the Mie scattering theory to be applied for the determination of the particle backscattering coefficient. 410
The HYSPLIT-NOAA back-trajectory model was used to verify the origin of the sounded aerosol particles. Five different aerosol typologies are considered, i.e. Continental polluted, Clean continental-rural, Urban, Maritime-polluted and Cleanpolar, with their size and microphysical properties taken from literature. The approach leads to an assessment of the predominant aerosol component based on the application of a minimization approach applied to the deviations between measured and the simulated particle backscattering profiles at 355 and 532 nm and for first test case study also at 1064 nm, 415 considering all five aerosol typologies.
The application of this approach to the case study on 13 September 2012 suggests the presence of Urban and Maritime aerosols throughout the entire vertical extent of sounded column, except in the altitude region 2600-2900 m and 4300-4500 m ranges, where the presence of a Rural component is likely to be possible. The application of the approach to the case study on 02 October 2012 reveals that Continental/Urban aerosols are likely to be the predominant components up to 1600 m, 420 while the two distinct aerosol layers located in the altitude regions 2700-3600 m (with max. at 3000 m) and 3600-4600 m (with max. at 4000 m) are identified to likely consists of Continental/Urban and/or Marine polluted aerosols, respectively.
The correctness of the results has been verified based on the application of the HYSPLIT-NOAA back-trajectory model, with the analysis extend backing in time for 5 days and allowing to assess the origin of the sounded aerosol particles.
Finally, a sensitivity study has been carried out to assess the sensitivity of the aerosol typing approach to varying size and 425 microphysical parameters. The study reveals that the reported approach is successfully applicable in the altitude region up to ~ 4 km, while above this altitude the sensitively of the approach is sensitively reduced by the high statistical uncertainty affecting lidar signals. The sensitivity study also reveals that the within the boundary layer deviations between measured and simulated particle backscattering coefficient at 355, 532 and 1064 nm may vary up to 20 % as a result of a ± 5 % variability of specific size and microphysical parameters. Such results reveal that application of the reported approach, based on the use 430 of particle backscattering measurements at two wavelengths in combination with OPC measurements, allow to get a sufficiently reliable assessment of aerosol typing. Table 1 : Modal radius, standard deviation and refractive index (real and imaginary part) for the different considered aerosol components (from d' Almeida et al., 1991) . 
